Introduction
High-flow nasal oxygenation entails administration of warmed and humidified oxygen-enriched air at flow rates between 40 l.min À1 and 60 l.min À1 to patients who are breathing spontaneously via a special purpose nasal cannula [1] [2] [3] [4] . High-flow nasal oxygenation is effective in the intensive care setting for treating hypoxaemia [5] , reducing reintubation rates [6] and has been shown to reduce 90-day mortality in this patient group [7] .
Patel and Nouraei coined the term transnasal humidified rapid-insufflation ventilatory exchange (THRIVE) [8] ; they delivered 100% oxygen at 70 l.min À1 using the have been expected with 'classical' apnoeic oxygenation [8] [9] [10] [11] . Further studies have also shown reduced accumulation of carbon dioxide [12] [13] [14] .
The underlying mechanisms by which gas exchange may be taking place during high-flow nasal oxygenation under apnoeic conditions have not been elucidated. These are critical to understanding the efficacy and limitations of the technique, especially over extended apnoeic periods when hypercapnoea might become problematic.
In the early 1980s, Slutsky proposed that cardiogenic oscillations could be a major contributor to apnoeic oxygenation and gas exchange [15, 16] . Cardiogenic oscillations refer to changes in airway gas flow and pressure that are synchronous with the cardiac cycle [17, 18] , and are believed to arise from the movement of blood in pulmonary vessels, causing compression and expansion of the small airways [19] . As under apnoeic conditions the principal intrinsic gas flow within the airway relates to cardiogenic oscillations, we hypothesised that an interaction between supraglottic turbulence generated by high-flow nasal oxygenation and cardiogenic oscillations might be contributing to the underlying mechanism of THRIVE.
The objective of this study was to examine the fluid dynamics affecting carbon dioxide clearance from the carina to the mouth in THRIVE, and calculate the likely rates of carbon dioxide clearance. We investigated fluid flow patterns using in-vitro laboratory models, and used the same models in conjunction with a specialised lung simulator to measure carbon dioxide clearance.
Methods
We used two 1:1 scale physical airway models obtained from clinical computerised tomography scans, that had previously been used as part of experiments to determine flow patterns and carbon dioxide distributions in spontaneous breathing with the application of high-flow nasal oxygenation (Fig. 1 ) [20] . These models were used to visualise supraglottic flow patterns and gas flow from the bronchi to the mouth; measure upper airway turbulence;
and measure carbon dioxide clearance.
In all experiments, we used cardiogenic stroke volumes of 0-40 ml, with a cardiogenic oscillation flow profile shown by Tusman et al. [19] . Throughout our experiments, we defined an upwards flow in the airway, caused by cardiac systole, as cardiogenic expiration and downwards flow in the airway, which occurs during cardiac diastole, as cardiogenic inspiration.
For the visualisation of a supraglottic flow pattern, we used a transparent, two-dimensional airway model that had a 10-mm-thick rectangular cross-section (Fig. 1a) . The shape corresponded to the mean midsagittal section of the CT airway scan. The working fluid was water that was seeded with neutrally buoyant tracer particles pumped into the nares and out of the mouth at a constant flow rate.
Particle image velocimetry (PIVview2C; PIVtech, Gottingen, Germany) was used to determine the flow patterns.
Cardiogenic oscillations were simulated by an oscillating syringe pump in the lung compartment. The oscillations were scaled to the value we estimated for cardiogenic oscillations in air at 70 beats.min À1 , using accepted flow model matching techniques [21, 22] .
For visualisation of gas flow and carbon dioxide clearance from the bronchi to the mouth, we used a transparent three-dimensional printed version of the airway model described above, including the carina to the fifth generation (Fig. 1b) . A cannula placed within the nares of the model provided nasal flow at rates of up to 70 l.min
À1
. A nebuliser (Aerogen, Galway, Ireland)
continuously filled the carina of the model with 1.5-3-lmdiameter water droplets. A video camera recorded flow and density patterns of nebulised gas in the trachea. A cardiogenic stroke volume of 20 ml at a heart rate of 70 beats.min À1 was simulated. This was achieved by the bronchioles protruding into a sealed plenum that was connected to a syringe pump.
For turbulence intensity and carbon dioxide clearance measurements ( Fig. 1c) , the three-dimensional printed airway model described above, extending to the distal end of the trachea, was mounted on top of a cylindrical plenum. Stepper resolution was 0.6 ml.step
. For each clearance measurement, carbon dioxide was injected into the plenum to achieve an initial concentration of approximately 5%, and THRIVE and cardiogenic oscillations were then started. The carbon dioxide clearance rate was determined from the concentration decay curve time constant.
To determine the required sample size, we obtained measurements that showed carbon dioxide clearance Figure 1 Schematics of the three models used for the experiments: (a) two-dimensional fluid model used for flow visualisation with particle image velocimetry; (b) three-dimensional gas model used to visualise transport of gas between carina and mouth; and (c) three-dimensional model and lung simulator used for turbulence and carbon dioxide clearance measurements. DAQ, data acquisition system. Results Figure 2 shows flow patterns obtained using particle image velocimetry from the two-dimensional airway model in water with the pharyngeal flow set to be equivalent to a THRIVE of 60 l.min À1 in air, and cardiogenic oscillations with an equivalent stroke volume of 9 ml at 60 beats.min
.
Transnasal humidified rapid-insufflation ventilatory exchange generated a series of strong, linked vortices, extending from the oropharynx to the glottis, which generated substantial turbulence. During cardiogenic inspiration, the lowest vortex was pulled deeper towards the glottis, and turbulence from that vortex was entrained into the trachea, enhancing mixing below the glottis. The entrained turbulence can be seen in Fig. 2a between the trachea and larynx. During cardiogenic expiration, the mixed tracheal fluid was ejected upwards through the glottis and into the vortices just above the larynx (Fig. 2c) . The vortices transported it to the flushed region of the oropharynx. oscillations applied but no THRIVE (Fig. 3a) , and with cardiogenic oscillations plus THRIVE (Fig. 3b) . Nebulised droplets were first injected into the carina, and cardiogenic oscillations then started. The sequences show the first 
Discussion
Since Patel and Nouraei reported the use of THRIVE for prolonging the safe apnoea time during shared airway surgery [8] , the use of high-flow nasal oxygenation has also been reported for pre-oxygenation [23, 24] , awake flexible bronchoscopic intubation [25, 26] and maintenance of saturation during intubation in apnoeic adults [27] [28] [29] and children [30, 31] . Previous work in models [20, 32, 33] and healthy volunteers [34] has described the clearance of carbon dioxide in the upper airway; however, the mechanisms of clearance during apnoea had not been considered.
The average rate of the increase in carbon dioxide during THRIVE, measured by Patel and Nouraei as the slope of the end of procedure ET CO2 against time, was 0.15 kPa.min À1 [8] . Gustafsson et al. found the average rate of increase in PaCO 2 , measured using arterial blood gas sampling, to be 0.24 kPa.min À1 [12] . These values for the rate of increase in carbon dioxide fall between values observed when direct intra-tracheal oxygen insufflation between 0.5 l.min À1 and 45 l.min À1 was used (Fig. 6 ) [35, 36] . Other workers have also published results indicating that the rate of increase in carbon dioxide with THRIVE is lower than in classical apnoeic oxygenation [13, 14] .
Our work indicates that an interaction of gas flow from cardiogenic oscillations and high-flow nasal oxygenation provides a mechanism for transporting carbon dioxide from the carina to the pharynx. We would expect an improvement in oxygen transport to go hand-in-hand with the enhancement of carbon dioxide clearance. Together with the airway pressure generated by the high flow that reduces atelectasis [37, 38] , this explains, in part, the dramatic increases in time before desaturation observed with THRIVE [8, 12] compared with lower nasal flow rates.
The volume of the adult trachea is typically between 25 ml and 35 ml [39] , whereas the literature indicates that the volume of cardiogenic oscillations is typically 6-40 ml [19, [40] [41] [42] . Taylor dispersion causes longitudinal spreading of a plug gas flowing in a pipe [43] , and this will mix gas longitudinally in the trachea in analogous fashion to the longitudinal mixing demonstrated by van der Kooij and Luijendijk in the bronchi [44] . This accounts for some of the carbon dioxide clearance observed clinically, and suggests that even in classical apnoeic oxygenation with no high flow, there could be a small amount of carbon dioxide clearance as seen in Fig. 5 .
Our experiments indicate that Taylor dispersion is not the only mechanism causing mixing of gas in the trachea.
Our visualisation of flow showed turbulent eddies in the pharynx caused by THRIVE being entrained into the trachea during cardiogenic inspiration. This was confirmed by hot wire anemometry, which showed higher levels of turbulence during cardiogenic inspiration than during cardiogenic expiration. The levels of turbulence were related to the THRIVE flow rate.
Our experiments have several limitations. Our models only investigated clearance from the carina to the atmosphere. They were not intended to accurately measure clearance from the lung periphery. However, there is already good evidence that mixing occurs between the alveoli and the bronchi or lower trachea through cardiogenic oscillations [15, 16] . Although there is likely to be a carbon dioxide gradient between the lung periphery and the carina, our experiments indicate that the combined influence of cardiogenic oscillations and THRIVE is able to transport carbon dioxide from carina to mouth.
A further limitation is that our models were not compliant but printed from hard plastic. The gross pressure variations caused by turbulence in the pharynx are therefore likely to cause less random bulk inflow and outflow into the glottis and trachea, and this may also give rise to less clearance than may be clinically observed. Our models were also not able to model cardiogenic pulsations of the trachealis muscle that are commonly seen during endoscopy [45] . This will cause additional mixing within the trachea, further enhancing clearance rate.
The carbon dioxide clearance rates that we measured were substantially less than the rate of production for a resting adult of approximately 200 ml.min À1 . Even though the clearance rate will increase with increasing carbon dioxide concentration in the lungs, this will still be lower than the rate of production, and consequently arterial Figure 6 Comparison of the rates of rise of carbon dioxide under different oxygenation conditions. AO, apnoeic oxygenation/airway obstruction, combined data mean (95%CI) [11, [46] [47] [48] ; LFDTI, low-flow direct tracheal insufflation with intra-tracheal catheter at a rate of 0.5 l.min À1 [35] ; THRIVE, transnasal humidified rapidinsufflation ventilatory exchange, slope (95%CI) [8] . HFDTI: high-flow direct tracheal insufflation via tracheal tube at 45 l.min
À1
, mean (95%CI) [36] . 
